ABSTRACT: Contaminants in water are classified into different types based on their physical and chemical properties. Thus, more than one type of sorbents may be needed for their removal. In this article, a combination of vermiculite with palygorskite was studied for their simultaneous removal of ammonium and humic acid from simulated groundwater. Batch results showed that the Langmuir model described ammonium adsorption well with an adsorption capacity of 22 mg/g while the humic acid adsorption data fitted to the linear adsorption better, suggesting different removal mechanisms of these two types of contaminants. Kinetic studies showed an instantaneous removal of ammonium and humic acid. A column packed with mixture of equal volumes of vermiculite and palygorskite could treat 100 pore volumes for ammonium removal at an initial concentration of 10 mg/L and 500 pore volumes for humic acid removal at an initial concentration of 20 mg/L before the effluent concentrations exceeded the standard. Water Environ. Res., 84, 682 (2012).
Introduction
Groundwater is a major water resource in China, especially in northern China. As the economic development and population growth increase, demand for groundwater becomes more imminent. In addition, reduction in rainfall, excessive extraction of groundwater, and frequent contamination of surface water by mining activities contribute even more to the groundwater problems. Among them, industrial wastewater, municipal sewage, dissolution of solid waste, and excessive use of nitrogen fertilizers in agriculture produced a large number of nitrogen compounds and organic substances. These substances enter water or soil, via infiltration or surface runoff, resulting in a higher ammonium content in groundwater. Groundwater in abundance of natural organic matter such as humic substances is also problematic. The concentration of humic acid ranged from as low as 20 mg/L in groundwater to as high as 30 mg/L in surface water (Black et al., 1996) . Humic substances could result in an unpleasant color and smell for water. In addition, humic substances present in water could be an important precursor of halogenated by-products. Carcinogenic by-products like trihalomethane and haloacetic acids could be formed during the process of water chlorination disinfection (Lowe and Hossain, 2008) .
Among the processes applied to water treatment, adsorption was an important method with high removal efficiency and no harmful by-products. Cation exchangers such as zeolite and vermiculite were commonly used to remove heavy metals such as copper (Das and Bandyopadhyay, 1992) and ammonium (Marañón et al., 2006; Saltalı et al., 2007; Sarioglu, 2005; Sprynskyy et al., 2005) . Higher concentrations of ammonium in industrial wastewater and groundwater could be removed via precipitation as struvite when sufficient concentrations of magnesium and phosphate were present (Borojovich et al., 2010) . However, it is critical to select the second type of adsorbent that has higher affinity for humic acid.
As humic acid is weakly acidic in nature and behaves as a polyelectrolyte with predominantly negative charges in aqueous solutions (Li et al., 2011) , common negatively-charged clay minerals and zeolites may not have much affinity for it. Enriching a natural zeolite with calcium could increase the partitioning coefficient of humic acid from 100 L/kg to 1000 L/kg (Capasso et al., 2007) . Although raw bentonite could adsorb as much as 50 mg/g of humic acid (Salman et al., 2007) , raw vermiculite could only remove 2% fulvic acid at an initial concentration of 50 mg/L and a solid dose of 2.5 g/L (Abate et al., 2006) .
Modification of negatively-charged minerals using cation surfactants could reverse the surface charge, and hence, increase humic acid adsorption. With a tested humic acid having a formula of C 67 H 87 O 29 N 5 and a formula mass of 1425 g/mol, the adsorption capacity of humic acid on surfactant-modified bentonite (SMB) was 70 mmol/kg, or 100 mg/g (Anirudhan and Ramachandran, 2007) . For surfactant-modified zeolite (SMZ), the humic acid adsorption capacity reached up to 90 mg/g (Zhan et al., 2010) , or 120 mg/g (Li et al., 2011) . To reverse the surface to positive charge the adsorbed surfactant needs to form a bilayer surface coverage with the amount of surfactant used as high as 329 mg/g (Zhan et al., 2010) . Although SMB and SMZ are good adsorbents for humic acid, the positively charged surfaces after surfactant modification will prevent further adsorption and retention of ammonium. In addition, the extra cost for making the SMB and SMZ and the environmental toxicity of cationic surfactant make the use of SMB and SMZ not very practical. Moreover, small but persistent desorption of cationic surfactant from these mineral surfaces will eventually reduce surfactant adsorption to a monolayer, resulting in a slow release of previously absorbed anionic contaminants (Li, 2006) .
The main methods to remove humic acid included membrane filtration (Lowe and Hossain, 2008) , coagulation (Jiang et al., 2006) , floatation (Zouboulis et al., 2003) , and oxidation (Murray and Parsons, 2004) . However, these methods have some limitations. For example, for floatation separation, chemical modification of surface hydrophilicity/hydrophobicity and creation of air bubble were main processes, thus, surfactants were often added as collector for the frother (Zouboulis et al., 2003) . Membranes for ultrafiltration may experience significant surface fouling resulting in an 80% reduction in retentate flowrates after just four runs (Lowe and Hossain, 2008) .
Palygorskite is a special type of clay mineral made of periodic reversal of the building blocks so that the interlayer space is made of one dimensional channel, thus limiting its expandability. Even though, it is still a good sorbent for a variety of compounds due to its large surface area and moderate cation exchange capacity. Tests of phosphate sorption by palygorskite revealed a sorption capacity of 13 mg/g (Fangqun et al., 2011) , suggesting a good affinity for negatively charged species. Thus, palygorskite might be a good candidate for the removal of humic acid from water.
The main objective of this article was to investigate the combined effects of the high sorptive removal of ammonium by vermiculite and that of humic acid by palygorskite, so that a concurrent removal of both contaminants could be achieved in a single process in wastewater treatment or in groundwater remediation when both materials were combinatively used as packing materials for permeable reactive barrier applications.
Materials and Methods
Materials. The vermiculite was obtained from Lingshou Xu-yang Mining Co., Ltd. in Hebei, China, while palygorskite was obtained from Mingmei Minerals Co., Ltd, Anhui, China. The simulated ammonium solution was prepared by dissolving NH 4 Cl in distilled water to achieve a concentration of 10 mg/L of ammonium (0.56 mM). The humic acid was supplied by Sinopharm Chemical Reagent Co. Ltd. The simulated humic acid solution was prepared by dissolving 1 g humic acid in NaOH (0.025 M). After stirring for 30 min, distilled water was added to 1 L and pH adjusted by 0.025 M HCl. After the mixture being set aside over night, the supernatant was filtered through a filter paper with pore size between 30 to 50 mm before being used in adsorption experiments.
Adsorption experiments. Vermiculite and palygorskite with a particle size of 18 to 35 mesh at a mass of 1 to 7 g were added into 100 mL solutions containing a mixture of ammonium and humic acid at concentrations of 10 mg/L and 20 mg/L, respectively. The pH value was adjusted to 2 to 9 and temperature to 20 to 60 uC. The mixtures were shaken at 200 rpm for 1, 3, 5, 7, and 10 h for the kinetic study and 7 h for other batch studies. The mixtures were then centrifugally filtrated. The equilibrium ammonium and humic acid concentrations of the supernatant were determined spectrophotometrically. The contaminant removal efficiency and the amount of contaminant removal (q t ) were calculated by:
where C 0 is the initial concentration in mg/L, C e is concentration at any time t (mg/L), V is the solution volume (L), and m is the adsorbent mass (g). Column Tests. Glass columns (4 cm in diameter and 50 cm in length) were used for the column experiments. Mixture of vermiculite and palygorskite at a ratio of 1:1 (v:v) was packed to 40 cm high, resulting in a mass of 243 and 159 g for vermiculite and palygorskite, respectively. The pore volume and porosity were 294 cm 3 and 60.7%, respectively. A peristaltic pump was used for water delivery. The simulated water contained 10 mg/L ammonium and 20 mg/L humic acid. The flowrate was 0.91 cm 3 /min, resulting in a linear velocity of 2 m/d and a resident time of 5.4 h. Samples were taken every two days for a total of 55 days. The effluent ammonium and humic acid concentrations were determined spectrophotometrically.
Methods of Analyses. The ammonium was measured using a T6 Series UV/Vis Spectrophotometer (Beijing, Puxi Co.) at 420 nm by the Nessler's reagent method, in which ammonium and mercury potassium iodide produce a yellow-brown complex in alkaline medium. The complex chrominance is proportional to the concentration of ammonium. The humic acid concentration was determined by ultraviolet absorbance at 254 nm. Solution pH was measured with a pH meter (pHS-3C, Shanghai Leici Instrument Factory, China). X-ray diffraction (XRD) analyses were performed on a Rigaku D/Max-rA/rB X-ray Diffractometer with CuKa radiation (1.5406 Å) at 40 kV and 100 mA. Samples were scanned from 2 u to 80 u 2h at 4 u/min and with a scanning step of 0.02 u.
Results and Discussion
XRD Analyses of Raw Materials. The major minerals in the vermiculite sample were vermiculite, followed by hydrobiotite, with trace amounts of quartz, amphibole, and calcite ( Figure 1a) . The vermiculite is made of Mg-type and Na-type whose d 001 spacing is 14.68 and 12.66 Å, respectively. The palygorskite is relatively pure with trace amounts of quartz (Figure 1b) .
Effect of Present Humic Acid on Ammonium Removal or Present Ammonium on Humic Acid Removal. Previous tests showed that raw vermiculite removed 90% of ammonium at an initial concentration of 20 mg/L and a solid dose of 90 g/L (Wang et al., 2011b) and raw palygorskite can remove 87% of humic acid at an initial concentration of 20 mg/L and a solid dose of 80 g/L (Wang et al., 2012) . In the presence of different concentrations of humic acid, the removal of ammonium was the in the range of 55 to 80% by vermiculite in contrast to 12 to 14% by palygorskite, indicating that the primary removal of ammonium could be achieved using vermiculite (Figure 2 ). In contrast, in the presence of different concentrations of ammonium, humic acid was better removed by palygorskite in comparison to vermiculite (Figure 2 ). These preliminary results showed that more than one type of sorbents would be needed to remove both ammonium and humic acid simultaneously.
Effect of Contact Time on Ammonium and Humic Acid Removal. There is no significant change among these equilibration times, suggesting instantaneous adsorption of ammonium and humic acid by vermiculite and palygorskite. Overall, the efficiencies were between 80 and 90% for humic acid removal and 70 to 80% for ammonium removal (Figure 3) . These values correspond to 0.37 to 0.41 mg/g for ammonium and 0.86 to 0.88 mg/g for humic acid adsorption, respectively.
The Effect of pH on Ammonium and Humic Acid Removal. Solution pH had almost negligible effect on humic acid removal (Figure 4 ). Similar observations were found for humate adsorption on a standard palygorksite PFl-1 (Singer and Huang, 1989) . Maximum humic acid removal on vermiculite was found at pH 5 in medium of 0.020 mol/L KNO 3 and the removal was mainly due to precipitation (Abate and Masini, 2003) . In comparison, a significant decrease in humic acid adsorption was found on polyaniline/attapulgite composite, changing from 45% removal at pH 3 to only 5% removal at pH 9 (Wang et al., 2011a) . Maximum adsorption was found at pH 3 to 4 for humic acid on SMB (Anirudhan and Ramachandran, 2007) and pH 3 to 5 for humic acid adsorption on SMZ (Li et al., 2011) .
Removal of ammonium increased as solution pH increased until pH 6, beyond which removal of ammonium became insensitive to solution pH (Figure 4) . Similar observation was also found for the removal of ammonium from aqueous solution using chitosan-g-poly(acrylic acid)/attapulgite composite (Zheng et al., 2009 ). In comparison, pH had little influence on adsorption of six different divalent cations on vermiculite at an ionic strength of 0.01 M, but at an ionic strength of 0.1 M, the adsorption of all six cations increased significantly when solution pH was at 7 and above (Malandrino et al., 2006) . Under acidic condition, the solution contained a large amount of hydrogen that may compete with ammonium for the sorption sites, thus decreasing ammonium removal. Similarly, acidification of clays decreased ammonium removal efficiency, too (Rožić et al., 2000) . For ammonium removal from greywater using zeolite, the maximal removal efficiency was found at pH 5 with an efficiency of only 50% (Widiastuti et al., 2011) .
The Effect of Temperature on Ammonium and Humic Acid Removal. As the temperature increased, the removal of ammonium increased slightly, but the removal of humic acid decreased slightly ( Figure 5 ). The relationship between K d , the contaminant distribution coefficient that is the ratio of the amount of ammonium or humic acid adsorbed to its equilibrium concentration, and the thermodynamic parameters of adsorption is expressed as
where DH is the change in enthalpy, DS is the change in entropy, R is the gas constant, and T is the reaction temperature in K. The free energy (DG) of adsorption can be determined by
DG~DH{T DS ð4Þ
The calculated thermodynamic parameters are listed in Table 1 . The negative DG value indicates attractive interaction between ammonium or humic acid and vermiculite and palygorskite, suggesting a spontaneous ammonium and humic acid removal. The positive DH value suggests that adsorption of ammonium on vermiculite and palygorskite is an endothermic process while the negative DH value suggests that humic acid adsorption on vermiculite and palygorskite is an exothermic process. The DG values are in the range of 215 to 218 kJ/mol, slightly less than 220 to 223 kJ/mol for ammonium adsorption from greywater onto a zeolite (Widiastuti et al., 2011) . Both ranges fall into physical adsorption, suggesting that cation exchange was responsible for the uptake of ammonium by vermiculite and palygorskite, similar to ammonium removal by zeolite. The small positive DS indicates that the adsorption of ammonium and humic acid is spontaneous due to an increase in system randomness. It may also suggest that the adsorbed ammonium cations and humic acid molecules might adopt a randomly oriented manner instead of arranging themselves in an orderly pattern on the external surface of vermiculite and palygorskite. The Adsorption Isotherms. The ammonium adsorption data fitted to the Langmuir isotherm well (Figure 6 ). The Langmuir isotherm was used to characterize the cation exchange reaction for clays and zeolites. The ammonium adsorption capacity thus determined was 22 mg/g in comparison to adsorption capacities of 14 to 19 mg/g on a volcanic tuff (Marañón et al., 2006), 6 .3 mg/g on a zeolite (Widiastuti et al., 2011) , and 33 mg/g on a different zeolite (Zhu et al., 2011) . The ammonium adsorption capacity was much higher than 3.3 mg/g on a different vermiculite (Zhu et al., 2011) . For trivalent metals, such as chromium, and divalent cation copper, the adsorption capacities were 47 and 44 mg/g, respectively (El-Bayaa et al., 2009 ).
A few reported cation exchange capacity (CEC) values of vermiculite were 1750 mmol c /kg (Chu and Johnson, 1979 ) and 1550 to 1630 mmol c /kg from soil C horizons (Ghabru et al., 1989) . On the other hand, the CEC value of PFl-1, a palygorskite dedicated as a standard by the Clay Mineral Society of America, was only 175 mmol c /kg (Borden and Giese, 2001) . Taking consideration of the 70:30 mass ratio of vermiculite and palygorskite for the mixture and the above-mentioned CEC values of vermiculite and palygorskite, the ammonium removal capacity would be 1140 to 1280 mmol c /kg, about same magnitude of 1200 mmol c /kg obtained in the study. This simple estimation suggests that the removal of ammonium would be mainly attributed to cation exchange mechanism.
The experimental data of humic acid adsorption fitted to the linear isotherm better in comparison to 60 mg/g for humic acid adsorption on polyaniline/attapulgite composite (Wang et al., 2011a) . The molecular weight of humic acid ranges from hundreds to several thousands (typically 500 to 250,000 Da). The dominant functional groups that contribute to the surface charge and reactivity of humic acid are carboxylic and phenolic groups (Li et al., 2011) . As the clay minerals are negatively charged, the presence of these functional groups would not enhance, or may even prevent electrostatic interactions between humic acid and the mineral surfaces. The linear isotherm of humic acid adsorption suggests that partitioning mechanism or hydrophobic interaction may be responsible for humic acid uptake by vermiculite and palygorskite.
Effect of Dose of Adsorbent on Ammonium and Humic Acid Removal. Overall, the ammonium and humic acid removal efficiencies were between 80 and 90% (Figure 7) . Similar results were found for ammonium removal using Turkish zeolite (Saltalı et al., 2007; Sarioglu, 2005) and Ukrainian zeolite (Sprynskyy et al., 2005) . When plotted as the amount of contaminant removal against vermiculite and palygorskite doses, both values decrease logarithmically (Figure 7, inserts) . Similarly, the ammonium removal capacity exponentially decreased as the zeolite loading increased (Widiastuti et al., 2011) .
Column Transport Tests. Results of column tests on ammonium and humic acid removal by vermiculite and palygorskite are presented in Figure 8 . The standard of ammonium for Type III groundwater in China was 0.2 mg/L (GB/T 14848-93). The standard for humic acid was based on the consumption of KMnO 4 when humic acid was determined. For Type III groundwater, the upper limit for KMnO 4 consumed was 3 mg/L (GB/T 14848-93), equivalent to 6.3 mg/L of HA. At a flowrate of 0.91 cm 3 /min, or 5.4 h per pore volumes, it lasted for more than 24 days or over 100 pore volumes before the effluent ammonium concentration exceeded the standard of 0.2 mg/L. For humic acid, even after 55 days or more than 250 pore volumes, its effluent concentration was 3.08 mg/L, about 50% below the standard of 6.3 mg/L in comparison to 50% reduction after 150 pore volumes of water containing 35 mg/L of humic acid passing through a Ca 2+ -enriched zeolite column (Capasso et al., 2007) . Calculation of the amount of ammonium and humic acid retained based on the effluent ammonium and humic acid concentrations resulted in ammonium and humic acid adsorption of 1.4 and 2.9 mg/g at day 55. As the removal of humic acid by vermiculite and palygorskite followed a linear adsorption isotherm, using the K d of 1.3 L/g determined from the batch test and humic acid adsorption of 2.9 mg/g at day 55, the calculated equilibrium effluent humic acid concentration would be 4.5 mg/L. In comparison, using the Langmuir parameters for ammonium adsorption, the calculated ammonium effluent concentration would be 2 mg/L at day 55. Thus, the column ammonium and humic acid breakthrough behaviors were reasonably predicted by the batch results for humic acid. On the contrary, the batch ammonium over estimated the columns results. In the presence of humic matter, adsorption of REE terbium (as an analogue of trivalent actinides) could be enhanced in neutral and acidic systems (Lippold and LippmannPipke, 2009 ). The lower effluent concentration of ammonium compared to that predicted from batch results may suggest an enhancement of ammonium removal from water on vermiculite and palygorskite surfaces in the presence of humic acid.
For linear adsorption isotherm, the retardation factor (R f ), which can be estimated from the column breakthrough curve at the pore volumes whose effluent concentration corresponds to 50% of the input concentration, can be determined by:
where h is the volumetric moisture content of the materials, or the porosity of saturated media, and B d is the bulk density of the aquifer materials. With a porosity of 60.7%, if 2.65 g/cm 3 was used as the particle density, the B d will be about 1.05 g/cm 3 . The R f determined from eq 5 would be about 2200 pore volumes. Thus, the removal of humic acid by vermiculite and palygorskite would be extremely effective. The results of column tests confirmed that mixture of vermiculite and palygorskite could provide beneficial effects on simultaneous removal of ammonium and humic acid from wastewater. + (e) and humic acid (%) removal as affected by the dose of vermiculite and palygorskite.
Conclusions
Mixture of vermiculite and palygorskite was tested for the removal of both ammonium and humic acid from simulated groundwater. The ammonium adsorption fitted to the Langmuir isotherm well with an adsorption capacity 22 mg/g while the humic acid adsorption fitted to the linear isotherm well. Column results showed that at an initial ammonium concentration of 10 mg/L, the material could treat over 100 pore volumes before the effluent concentration exceeded the standard of 0.2 mg/L. For the treatment of humic acid, it may take up to 500 pore volumes before the humic acid effluent concentration exceeds the standard of 6.3 mg/L. The better performance compared to prediction from batch experiment suggests that the vermiculite and palygorskite could be used as the groundwater permeable reactive barrier materials for the removal of ammonium and humic acid simultaneously due to their specific removal of targeted contaminants. The mixture could be used for wastewater treatment for simultaneous removal of ammonium and humic acid as well. 
